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Stabilization of Xist RNA Mediates
Initiation of X Chromosome Inactivation
Steven A. Sheardown,*³‖ Sarah M. Duthie,*‖ undergo imprinted X inactivation of the paternally inher-
ited X chromosome (Xp) (Takagi and Sasaki, 1975). Sub-Colette M. Johnston,*‖ Alistair E. T. Newall,*
sequently, at 5.5±6.5 days postcoitum (dpc), epiblastEmma J. Formstone,* Ruth M. Arkell,²
cells undergo random X inactivation, there being anTatyana B. Nesterova,* Gian-Carlo Alghisi,*
equal probability that either the maternally inherited XSohaila Rastan,*³ and Neil Brockdorff*§
chromosome (Xm) or Xp will be inactivated in a given cell*X Inactivation Group
(Monk and Harper, 1979; Rastan, 1982a; Takagi et al.²Embryology Group
1982; McMahon et al., 1983). In both instances, the onsetMRC Clinical Sciences Centre
of X inactivation is coincident with the differentiation ofRoyal Postgraduate Medical School
cells from the totipotent lineage (Monk and Harper,Hammersmith Hospital
1979). This process is mirrored in vitro in XX embryonicLondon, W12 ONN
stem (ES) cells and embryonal carcinoma (EC) cells.United Kingdom
Both X chromosomes are active in XX ES cells (and
some XX EC cells), and random X inactivation occurs
following in vitro differentiation (Martin et al., 1978; Mc-
Burney and Strutt, 1980; Rastan and Robertson, 1985;Summary
Penny et al., 1996).
A mechanism that allows cells to numerate X chromo-The onset of X inactivation is preceded by a marked
somes (counting) is thought to be responsible for es-increase in the level of Xist RNA. Here we demonstrate
tablishing appropriate random X inactivation patterns.that increased stability of Xist RNA is the primary de-
Studies on X chromosome aneuploids and on triploidterminant of developmental up-regulation. Unstable
and tetraploid embryos led to the suggestion that thistranscript is produced by both alleles in XX ES cells
is achieved by electing a single X chromosome to remainand in XX embryos prior to the onset of random X
active per diploid chromosome set (Grumbach et al.,inactivation. Following differentiation, transcription of
1963; Webb et al., 1992). X inactivation does not occurunstable RNA from the active X chromosome allele
in unbalanced T(X;16)16H embryos bearing a single XICcontinues for a period following stabilization and accu-
(Rastan, 1983), nor in XX ES cell lines bearing deletionsmulation of transcript on the inactive X allele. We dis-
of the XIC region on a single X chromosome (Rastancuss the implications of these findings in terms of
and Robertson, 1985), indicating that a cell must numer-models for the initiation of random and imprinted X
ate two or more XICs in order for X inactivation to occurinactivation.
at all. To account for this, it has been proposed that in
diploid cells, a single XIC is blocked and that X inactiva-
tion will then only proceed from additional unblockedIntroduction
XICs (Rastan, 1983).
Further evidence implicating the XIC in establishingXX female mammals achieve dosage equivalence with
appropriate random X inactivation patterns comes fromXY males by transcriptional silencing of a single X chro-
studies of the X-controlling element (Xce) alleles in mice.mosome (X inactivation) (Lyon, 1961). This process initi-
The Xce locus maps to the critical XIC region (Cattanachates early in embryogenesis, and the inactive state is
and Papworth, 1981; Simmler et al., 1993), and animalsthen stably inherited through subsequent cell divisions.
heterozygous at Xce display skewed X inactivation pat-Studies on X:autosome translocations have demon-
terns (Cattanach et al., 1969; Drews et al., 1974; John-strated that X inactivation is mediated by a single cis-
ston and Cattanach, 1981). There is evidence that thisacting master switch locus termed the X inactivation
is a primary effect, biasing the initial choice of which Xcenter (XIC) (Russell and Montgomery, 1965). The XIC
chromosome is elected to be active (Rastan, 1982b).is required both for initiation of X inactivation early in
Thus, the XIC is implicated in governing the choice ofdevelopment and for the cis-limited spread of inactiva-
how many, and which, X chromosomes become inactivetion along the length of the X chromosome (reviewed in
and in the propagation of inactivation along the X chro-Rastan and Brown, 1990). Recent evidence suggests
mosome in cis.that the XIC is not required for the maintenance of the
A positional cloning approach led to the isolation ofinactive state (Brown and Willard, 1994; Rack et al.,
the X inactive specific transcript (XIST/Xist) gene, which1994).
exhibits the unique characteristic of being expressedIn early mouse embryogenesis, initiation of X inactiva-
exclusively from the inactive X chromosome (Xi) (Borsanition occurs in two waves. First, in blastocysts, cells
et al., 1991; Brockdorff et al., 1991; Brown et al., 1991a,of the trophectoderm and primitive endoderm lineages
1991b). Further analysis revealed that the XIST/Xist gene
produces a large nonprotein coding transcript that is
retained in the nucleus in close association with Xi³Present address: Comparative Genetics, Biopharm R&D, Smith-
(Brockdorff et al., 1992; Brown et al., 1992). Analysis ofKline Beecham Pharmaceuticals, New Frontiers Science Park
Xist expression in mouse embryogenesis and in XX ES(North), Third Avenue, Harlow, Essex, CM19 5AW, UK.
cells has demonstrated that steady-state levels of Xist§To whom correspondence should be addressed.
‖ These authors contributed equally to this work. transcript increase at the time of onset of X inactivation,
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supporting a role for Xist in initiation of X inactivation
(Kay et al., 1993). These results suggested that initiation
of X inactivation could be attributable to the determina-
tion of how many, and which, Xist alleles are up regu-
lated (or blocked).
Recently we demonstrated that Xist is required in cis
for X inactivation using gene targeting in XX ES cells
(Penny et al., 1996). A subsequent study demonstrated
that inheritance of a disrupted Xist allele on Xp causes
lethality in XX embryos owing to failure of imprinted X
inactivation (Marahrens et al., 1997). Interestingly, dis-
ruption of Xist did not cause complete failure of X inacti-
vation in either case. This phenotype would be expected
if the counting function of the XIC had been disrupted,
as exemplified by the HD2 XX ES cell line, which carries
a large deletion on a single X chromosome (Rastan and
Robertson, 1985). These results therefore suggest that
the counting and cis propagation functions of the XIC
are genetically separable. A plausible explanation is that
numerated XIC sequences reside in upstream (or down-
stream) regulatory elements that influence Xist expres-
sion. Consistent with this, differentiated XY ES cells
bearing an ectopically integrated YAC clone encom-
passing Xist sometimes express both the ectopic and
endogenous genes (Lee et al., 1996; Lee and Jaenisch,
1997). This observation suggests that the ectopic Xist
Figure 1. Quantitative Analysis of Xist Transcription Ratesgene is being numerated as an independent XIC. A simi-
(A) Nuclear run-on assay for XY (Efc-1) and XX (PGK12.1) ES cellslar result has been observed using a cosmid construct
and XX somatic cells (C127). Duplicate loadings of plasmid DNAencompassing Xist (Herzing et al., 1997).
were hybridized with labeled run-on transcript from each cell lineA number of studies have demonstrated that low lev-
as described in Experimental Procedures. Plasmids are 28s rRNA
els of Xist RNA are detectable in mouse ES cells prior (0.1 mg), B2 repeat (0.5 mg), actin (10 mg), Xist 59 cDNA (5 mg), and
to the onset of inactivation (Kay et al., 1993; Buzin et pBluescript (pBS) plasmid DNA (10 mg). A shorter exposure time is
al., 1994; Beard et al., 1995; Keohane et al., 1996; Pan- illustrated for the 28s rRNA sample.
(B) Quantitation of nuclear run-on assay. Graph illustrates Xist signalning and Jaenisch, 1996). Futhermore, expression in XX
in XY and XX ES cells relative to XX somatic cells. Data is basedES cells is from both alleles (Panning and Jaenisch,
on duplicate samples from each of two independent experiments.1996). Thus, establishment of appropriate Xist expres-
Mean Xist signal (background subtracted) was normalized to mean
sion patterns involves repression of the activeX chromo- signal (background subtracted) for each transcribed control probe.
some (Xa) allele and up-regulation of the Xi allele. Up- The mean value of the three normalizations is given for each line.
regulation of Xi transcript could result from an increased Xist transcription rates are similar in ES cells and XX somatic cells.
transcription rate, modulation of transcript stability, or
a combination of both (Hendrich et al., 1997). Here we in undifferentiated and differentiated ES cells (Shear-
provide direct evidence that modulation of Xist RNA down et al., 1997). Similar results have been obtained
stability is the primary determinant of developmental using constructs including up to 10 kb of sequence
up-regulation of Xi transcript. We demonstrate that en- upstream of the Xist start site (S. A. S. unpublished
dogenous Xist is transcribed at an approximately equiv- data). These observations, together with the fact that
alent rate in ES cells and XX somatic cells and, further, low levels of endogenous Xist transcript can be detected
that Xist RNA is highly unstable in ES cells relative to both in XX and XY ES cells, led us to determine Xist
XX somatic cells. Increased stability of Xi transcript is transcription rates in ES cells and XX somatic cells using
sufficient to account for the observed up-regulation of nuclear run-on analysis. Results from a representative
Xist RNA steady-state levels. Importantly, we show that experiment are shown in Figure 1A. Surprisingly, we
stabilization of the Xi allele occurs prior to silencing of found that de novo synthesized transcript is detectable
the Xa allele both in differentiating ES cells and at the at similar levels in all cell lines indicating approximately
onset of random X inactivation in vivo. We discuss the equivalent transcription rates. Quantitation of this data
implications of these findings for models of initiation of was obtained by normalizing values for Xist relative to
X inactivation. three control genes. As the transcription rate for control
genes may vary slightly between cell lines, the mean of
Results these normalizations provides the most accurate esti-
mate of relative Xist transcription rates (Figure 1B). On
Up-regulation of Xist RNA Results from this basis, the transcription rate in XX ES cells was found
Posttranscriptional Stabilization to be approximately twice that seen in XX somatic cells.
of the Transcript The value obtained for XY ES cells was slightly lower,
We have shown recently that reporter constructs driven consistent with transcription occurring from a single al-
lele compared with XX ES cells (Panning and Jaenisch,by the Xist minimal promoter exhibit equivalent activity
Xist RNA Stability Mediates X Inactivation
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Figure 2. Measurement of Xist RNA Stability
(A) Slot blots show duplicate RNA samples prepared from XY and XX ES cells and XX somatic cells treated for various time periods (hrs) with
the transcriptional inhibitor Actinomycin D and probed with Xist exon 1 cDNA w7d (Brockdorff et al., 1992). Reduction of Xist signal occurs
rapidly in ES cells relative to somatic cells.
(B) Relative Xist signal seen in C127, PGK12.1, and Efc-1 cell lines after treatment for various times with Actinomycin D. All values are the
mean of the two duplicate samples shown normalized to 28S signal and expressed as a percentage of the value seen for untreated cells.
(C) RT-PCR analysis of ES and somatic cell Xist transcripts. Primer pairs 1±4 (forward [f] and reverse [r]) are depicted by the arrows: 1f±1r
(409 bp), exon 1; 2f±2r (897 bp), exons 1±6 spliced; 3f±3r (410 bp), 39 exon 6; and 4f±4r (709 bp), alternately spliced 39 exon. PCRs were carried
out as described in Experimental Procedures. Controls: C 5 water control, (2) 5 no RT.
1996, and see Figure 3). These findings suggest that a sequence in an expressed sequence tag database
(Simmler et al., 1996). We detected RT-PCR product indevelopmental up-regulation of steady-state Xi tran-
script cannot be accounted for by increased tran- XX somatic cells using primers in mouse exon VI and
the putative exon VIII, although this required 60 PCRscription.
Next we analyzed Xist transcript stability in the differ- cycles. Sequencing of the 709 bp product amplified with
primer set 4 revealed that it is derived from a spliceent cell types by carrying out RNA slot blot analysis
on cells treated for various periods of time with the acceptor site in a conserved position in exon VI relative
to the human gene (not shown). The product was alsotranscriptional inhibitor Actinomycin D (Figure 2A).
Quantitation of this data is shown in Figure 2B. It has amplified from XX but not from XY ES cell cDNA. These
observations indicate that this is a rare splice variantbeen shown previously that human XIST RNA is highly
stable in XX somatic cells (Clemson et al., 1996). Consis- both in XX somatic and ES cells and, in our view, is
unlikely to mediate differential stability of Xist RNA.tent with this, we obtained a t1/2 value for XX somatic
cells of 5±7 hr (based on results from two independent
experiments). In marked contrast, the value obtained for Persistent Xa Transcription Following the Onset
of X Inactivation in Differentiating XX ES CellsXY ES cell transcript was 20±30 min. A slightly higher
value was obtained for XX ES cells (t1/2 5 30±45 min), To investigate further the above findings we analyzed
Xist expression in ES cells using RNA FISH. Previouswhich may be attributable to a contribution of stable
transcript from a small number of differentiated cells. studies in human and mouse cells have shown that ac-
cumulated Xist RNA is detected as a single large nuclearSimilar t1/2 values were obtained using the transcriptional
inhibitor 5,6-dichloro-b-D-ribofuranosylbenzimidazole domain signal in interphase XX somatic cells (henceforth
referred to as accumulated signal) and that this corre-(DRB) (30±45 min in XY ES cells and .6 hr in XX somatic
cells, data not shown). Quantitative data from untreated sponds with the domain occupied by the inactive X
chromosome (Clemson et al., 1996; Lee et al., 1996).cells was used to calculate absolute levels of Xist tran-
script in the different cell types. On this basis, we esti- This pattern is illustrated in Figure 3A. In XY ES cells,
Xist transcripts are seen as a single punctate nuclearmate that Xist transcript levels are 10- to 20-fold higher
in XX somatic cells relative to XY ES cells. Significantly, signal (Figure 3B), while punctate Xist signal from both
alleles is seen in XX ES cells (Figure 3C). Xist signal isthese results suggest that up-regulation of Xist RNA at
the onset of X inactivation can be accounted for solely observed in the majority of individual ES cells, con-
trasting with nuclear transcript for the X-linked Pgk-1by increased stability of the transcript.
To investigate whether there are differences in pro- gene, which is only detectable in approximately 35% of
cells. These observations are in close agreement withcessing of the ES and XX somatic cell transcripts, we
carried out RT-PCR analysis across the length of the previously reported findings (Panning and Jaenisch,
1996). In light of our data on transcription rates andgene (Figure 2C). RT-PCR product was readily detected
in all samples using primers in the large exons I and VI, transcript stability, we propose that the punctate ES cell
signal represents ongoing transcription and processingand appropriately spliced product was detected using
primers spanning exons II±V. It has been shown recently of unstable Xist RNA.
In the course of analyzing XX ES cells, we observedthat genomic sequence 39 to Xist shows homology to
human XIST exon 8 (exons 7 and 8 of the human XIST that a small proportion of cells had undergone differenti-
ation and displayed accumulated Xist signal on one al-gene are utilized in rare transcripts, [Brown et al., 1992])
and, furthermore, that the mouse sequence matches lele. Some cells displayed Xist transcript accumulation
Cell
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Figure 4. Patterns of Xist Expression in Postimplantation Embryos
Two-color FISH was performed as described in the legend to Figure
3. (A±F) Individual cells illustrating patterns observed at different
stages (see text): (A and B) XX 5.5 dpc embryos, (C) XY 5.5 dpc
Figure 3. Patterns of Xist Expression in Differentiating XX ES Cells embryo, (D) XX 6.5 dpc embryo, (E) XX 8.5 dpc embryo, and (F) XY
Two-color FISH was performed on nondenatured XX ES cells with 8.5 dpc embryo. (G) Frequency of different patterns observed in
digoxigenin-labeled 11179 cosmid probe (green) for Xist RNA and 5.5±8.5 dpc embryos. Cell numbers scored for each stage were: 5.5
biotin-labeled lPGK probe (red) for Pgk-1. Nuclear DNA is counter- dpc XX (n 5 51), 5.5 dpc XY (n 5 43), 6.5 dpc XX (n 5 213), 6.5 dpc
stained with DAPI (blue). (A) XX somatic cell. (B) XY ES cell. (C) XY (n 5 166), 7.5 dpc XX (n 5 660), 7.5 dpc XY (n 5 402), 8.5 dpc
XX ES cell. (D) Differentiating XX ES cell displaying Xist transcript XX (n 5 916), and 8.5 dpc XY (n 5 657). Persistent Xa transcription
accumulation and ongoing Pgk-1 expression on the Xi allele (yellow occurs after the onset of random X inactivation in vivo.
signal) and punctate Xist and Pgk-1 signal on the Xa allele. (E) Differ-
entiating XX ES cell showing accumulated Xist signal but transcrib-
ing both Xist and Pgk-1 RNA from the active X chromosome. (F) times in vitro (Figure 3G). A significant increase in cells
Differentiating XX ES cell expressing the XX somatic cell pattern of exhibiting punctate and accumulated signal occurs after
Xist/Pgk-1 expression. (G) Frequency of cells exhibiting different
32 hr (1.3 d) of differentiation, reaching maximal levelspatterns of Xist signal in XX ES cells (ES) and after various periods
by 3 days. The frequency of cellsexhibiting accumulatedof differentiation indicated in days (d). Cell numbers scored were:
signal alone, on the other hand, only begins to increaseES (n 5 289); 1d (n 5 336); 1.3d (n 5 102); 2d (n 5 250), 3d (n 5
364), 4d (n 5 326), 5d (n 5 209), and 6d (n 5 211). Transcription of significantly after 48 hr and does not reach maximal
the Xa allele continues after stabilization and accumulation of Xi levels until 6 days. These results demonstrate that the
transcript. transition from an XX ES cell pattern to an XX somatic
cell pattern occurs via an intermediate state in which
there is continued Xist transcription from the Xa allele.on one allele and were still expressing Pgk-1 from both
alleles (i.e., yellow signal representing coincident Pgk-1
[red] and Xist [green], Figure 3D). As Xi Pgk-1 transcript Unstable Xa Transcript Is Detectable Following
the Onset of X Inactivation In Vivois never detected in XX somatic cells, we propose that
these cells are at an early stage in the inactivation pro- To determine whether retention of Xa transcription is a
property peculiar to differentiating XX ES cells, we wentcess. We also noted that the majority of differentiating
cells showed a punctate Xist signal corresponding to on to use RNA FISH to analyze embryos at different
stages of development. Initially we analyzed postim-the Xa allele, in addition to the accumulated transcript
on Xi (Figure 3D). This observation suggested that per- plantation embryos between 5.5 and 8.5 dpc, the period
when random X inactivation occurs in cells of the em-sistent Xa transcription represents an intermediate stage
in the initiation of X inactivation. Punctate Xist signal on bryo proper. XX and XY embryos could be readily distin-
guished based on Xist expression patterns. This wasthe Xa allele was absent in some differentiating cells,
possibly reflecting a later stage in the inactivation pro- confirmed for a number of the 6.5±8.5 dpc embryos by
PCR analysis of ectoplacental cones using primers forcess (Figure 3F).
To investigate this further, we scoredXist RNA expres- the Y-linked gene Zfy-1 (data not shown). Examples of
the RNA FISH analysis are illustrated in Figures 4A±4F.sion patterns in XX ES cells differentiated for various
Xist RNA Stability Mediates X Inactivation
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Figure 5. Xist Expression in Preimplantation Embryos
RNA FISH was performed on intact (up to 3.5 dpc) or individual disaggregated (4.5 dpc) embryos as described in the legend to Figure 3. (A±D)
Intact 8-cell blastocyst stage embryos: (A) XX 8-cell, (B) XX 16-cell, (C) XY 16-cell, and (D) XX blastocyst. (E±G) Individual cells illustrating
patterns at different stages (see text): (E) XX 8-cell, (F) XY 8-cell, (G and H) XX blastocyst, (I) XY blastocyst, and (J and K) disaggregated XX
hatched blastocyst at 4.5 dpc. Stable Xp transcript accumulates in early preimplantation embryos and is destabilized in ICM cells at blastocyst
stage.
In interpreting this data, it is important to note that a cells exhibiting punctate signal and/or accumulated sig-
proportion of cells at these stages areof extraembryonic nal (Figure 5G) and cells exhibiting punctate signal on
origin and therefore would have undergone imprinted X one or both alleles (Figure 5H). These patterns most
inactivation at 3.5±4.5 dpc. likely represent differentiated trophectoderm cells and
The results, summarized in Figure 4G, strongly sug- totipotent inner cell mass (ICM) cells, respectively.
gest that, as with differentiating XX ES cells, the transi- Punctate Xm signal was only observed in some cells in XY
tion from an XX ES cell±like pattern to an XX somatic blastocysts (Figure 5I). Similar patterns were observedin
cell pattern occurs via an intermediate state in which 4.5 dpc hatched blastocysts (Figures 5J and 5K), except
the Xa allele continues to produce unstable transcript. that presumptive ICM cells in XX embryos always exhib-
Thus, in XX embryos the frequency of cells exhibiting ited two punctate signals (Figure 5J). The results ob-
two punctate signals (Figure 4B) or punctate and accu- tained in these experiments are summarized in Table 1.
mulated signal (Figures 4A and 4D) decreased, while the Taken together, our observations suggest that accu-
frequency of cells exhibiting only accumulated signal mulated Xp transcript is present in 8±16 cell embryos,
(Figure 4E) increased, representing the majority of cells and it is likely that this underlies preferential X inactiva-
by 8.5 dpc. Persistent Xi transcription occurs over the tion of Xp in trophectoderm and primitive endoderm cells
same developmental period in XY embryos. Thus, in 5.5 of the blastocyst. Subsequent destabilization of Xp tran-
dpc XY embryos, 58% of cells exhibited punctate Xa script, possibly coincident with increased production of
signal (Figure 4C), and the proportion then decreased unstable Xm transcript, then occurs in ICM cells of the
until at 8.5 dpc Xist signal was undetectable in the major- developing blastocyst. These events could represent
ity of cells (Figure 4F). Thus, the ultimate repression of the erasure of the Xist imprint that has been hypothe-
the Xa Xist allele is not a function of X inactivation per sized tooccur prior to the onset of random X inactivation
se but rather represents a developmentally regulated in cells of the embryo proper (Kay et al., 1994; Norris et
step preempted by persistent expression of unstable
al., 1994).
transcript.
In a final series of experiments, we analyzed Xist tran-
script in preimplantation embryos. Our previous RT-PCR
Discussiondata demonstrated that Xist transcript is detectable
from the 4- to 8-cell stage onward and occurs predomi-
In this study, we have demonstrated that the increasednantly from Xp in XX embryos (Kay et al., 1993, 1994).
steady-state level of Xist RNA observed at the onsetAgain, XX and XY embryos could be readily distin-
of random X inactivation may be solely attributable toguished on the basis of Xist expression patterns (see
increased transcript stability. Using RNA FISH, we haveFigures 5A±5D). In XX 8±16 cell embryos, we observed
shown that unstable Xist RNA is detectable from bothstrong Xist signal on one allele resembling the pattern
alleles in XX ES cells and that, following differentiation,seen in XX somatic cells (Figures 5A and 5B). This strong
stabilization of transcript on the Xi elect occurs prior tosignal presumably represents accumulated (stable) tran-
transcriptional silencing of the Xa allele. We have shownscript produced by the Xp allele. A punctate signal was
further that persistence of Xa transcriptionoccurs follow-only seen in some cells (Figure 5E), suggesting that while
ing the onset of random X inactivation in vivo. TheseXist transcription from Xm does occur at this stage, it is
observations have important implications in terms ofat a relatively low level. Consistent with this, punctate
models for the processes of X chromosome numerationXm signal was also observed only in some cells in XY
and choice, which underlie initiation of appropriate X8-cell embryos (Figure 5F). In early-mid stage XX blasto-
cysts (Figure 5D), we observed two types of pattern: inactivation patterns.
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Table 1. Summary of Xist Expression Pat-
terns in Preimplantation XX and XY Embryos
*Only a single punctate signal was observed
in the majority of cells in this class at this
stage.
**To analyze 4.5 dpc hatched blastocysts, it
was necessary to dissociate individual em-
bryos, and as a result the sample size is rela-
tively small.
Regulation of Steady-State Xist RNA Levels distinguish between nuclear- or cytoplasmic-mediated
RNA decay in ES cells. If ES cell transcript is transportedStudies to date have shown that low levels of Xist RNA
are detectable in ES cells prior to the onset of X inactiva- into the cytoplasm and rapidly degraded, then stabiliza-
tion and nuclear retention in somatic cells may occurtion and that, following differentiation, Xi transcript levels
increase markedly (Kay et al., 1993; Buzin et al., 1994; because the RNA is diverted from the normal cyto-
plasmic transport route.Beard et al., 1995; Keohane et al., 1996; Panning and
Jaenisch, 1996). Formerly, increased Xi transcript levels
could be attributable to increased activity of the Xist Implications for Models of Initiation
of X Inactivationpromoter, increased stability of Xi transcript, or a combi-
nation of both (Hendrich et al., 1997). Although we can- We interpret our observations on postimplantation em-
bryos and differentiating XXES cells as indicating that Xanot rule out the possibility that transcriptional regulation
plays a modest contributory role, quantitative data from transcription persists for a period of 1±2 days following
stabilization of the Xi allele. This has important implica-our nuclear run-on and RNA stability experiments sug-
gests that developmental up-regulation may be solely tions in terms of models for the initiation of random X
inactivation. There are two models that can be postu-attributable to increased transcript stability. This con-
clusion is supported by theobservation that Xist reporter lated in light of our observations (Figure 6). The first
model (Figure 6A) assumes that there are no structuralconstructs exhibit constitutive activity inES cells (Shear-
down et al., 1997; S. A. S, unpublished data) and in differences between the unstable transcript produced
in ES cells and the stable transcript in XX somatic cells.somatic cells (Hendrich et al., 1997; Sheardown et al.,
1997).
The difference we observed in steady state RNA levels
between XY ES cells and the XX somatic cell line C127
is relatively small (15-fold). A previous estimate, based
on semiquantitative RT-PCR, suggested a difference in
steady-state levels of 2±3 orders of magnitude between
ES cells and differentiated embryoid bodies (Keohane
et al., 1996). In contrast, Buzin et al. (1994), using the
quantitative single nucleotide primer extension method,
estimated an increaseof only 10- ±20- fold indifferentiat-
ing XX ES cells. The reason for these discrepancies
is unclear but may relate to inaccuracies inherent in
semiquantitative PCR approaches or, alternatively, to
cell type±specific effects. In this context, it should be
noted that Xist transcript levels in XX somatic cells from
different mouse strains show considerable variation.
There is some evidence that this relates to the strength
of Xce alleles (Brockdorff et al., 1991; Buzin et al., 1994).
It will be important to reinvestigate this in light of the
results presented here.
A number of mechanisms that regulate transcript sta-
bility have been described (reviewed in Sachs, 1993,
and Ross, 1996). In general, these mechanisms are
Figure 6. Models Illustrating Possible Mechanisms Operating dur-thought to involve transcript destabilization mediated
ing Initiation of Random X Inactivation
by binding of proteins to specific sequences in the RNA.
Schematic representation of models described in the text. (A) Prior
Differential stability could be explained by factor avail- to initiation of X inactivation, transcript from both alleles is destabi-
ability or by variant transcripts. An example of the latter lized by a specific regulated factor. Reduced levels of the factor
is seen for mRNAs encoding vasoactive intestinal pep- at the onset of X inactivation results in transcript from one allele
remaining unstable (Xa) while transcript from the other allele (Xi)tide, whereby structural differences in the 39 UTR result
stabilizes and accumulates in cis. Transcription from the Xa allelein differential transcript stability (Chew et al., 1994). We
is subsequently silenced. (B) An unstable variant is transcribed fromwere unable to detect significant differences between
both alleles prior to initiation of X inactivation. At the onset of X
ES cell and somatic cell Xist transcripts, but our analysis inactivation, production of the unstable variant is retained only on
was based on RT-PCR and does not exclude variant one allele (Xa) while the other allele switches to production of stable
rates of processing, which may have an important regu- transcript (Xi). The allele producing unstable transcript is subse-
quently silenced.latory function. It should be noted that our data does not
Xist RNA Stability Mediates X Inactivation
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added to 0.2 M, then Dounced a further five times. Nuclei wereThis model requires active destabilization of the Xist
recovered by ultracentrifugation through a sucrose gradient con-transcript in totipotent embryonic cells (and ES cells). At
sisting of 0.32 M sucrose in lysis buffer overlayed on a 2 M sucrosethe onset of X inactivation, the level of a developmentally
cushion (2 M sucrose, 5 mM MgCl2, 0.28 M NaCl, 2 mM Tris-HClregulated destabilizing factor(s) would become limiting [pH7.5], 1 mM DTT) at 20,000 rpm for 45 min. Pelleted nuclei were
such that only a single allele remains unstable. Such a resuspended in glycerol storage buffer (25% glycerol, 5 mM Mg-
Acetate, 50 mM Tris-HCl [pH 8.0], 0.1M EDTA, 5 mM DTT). To assayfactor could exert its effect either by direct binding to
transcription rate, freshly prepared nuclei were mixed with an equalXist RNA or by preventing Xist RNA from associating
volume of 23 reaction buffer (10 mM Tris-HCl [pH 8.0]; 5 mM MgCl2;with the X chromosome.
300 mM KCl; 5 mM DTT; 1 mM each of ATP, CTP, and UTP) andThe second model (Figure 6B) assumes that structural
0.08 mCi 32P aGTP (8 ml) and incubated at 308C for 30 min. Labeled
differences between the unstable and stable transcripts RNA was recovered using RNAzolB reagent (BioGenesis) with the
regulate RNA turnover. Thus, stability could be attribut- addition of 5 mg yeast tRNA to aid precipitation. Denatured RNA
was hybridized against immobilized denatured plasmid DNA for 48able to the absence of specific sequences that bind a
hr at 428C in 50% formamide, 10% dextran sulphate, 53SSC, 1%ubiquitous destabilizing factor. As stated above, al-
SDS, 0.53 Denhardt's, 0.1 mg/ml sonicated salmon sperm DNA.though we have not found any such structural differ-
Filters were washed twice for 10 min in 23SSC at room temperature,ences, we cannot rule out variant rates of processing
then in 23SSC; 1%SDS for 30 min to 1 hr at 658C. Control probes
mediating stability. Another possibility is that alternate were pTB14 (B2 repeat probe kindly provided by P. Rigby), pActin,
promoter usage results in the production of unstable a mouse actin cDNA, pBluescript plasmid DNA, and a 28S rRNA
plasmid. Signal was quantified by volume measurement after over-and stable transcripts. Whichever of the above models
night exposure on a phosphorimager screen (Molecular Dynamics).is correct, it is also necessary to postulate a secondary
mechanism that recognizes and ultimately silences the
Xa allele. Previous studies on DNA methyltransferase Xist Half-Life Assay and Steady-State RNA Analysis
mutant XY ES cells suggest that DNA methylation may Cells were seeded in multiple 100 mm dishes at a density of 3.5 3
106 per plate for ES cells and 2.5 3 106 per plate for somatic cells,be important for this process (Panning and Jaenisch,
and cultured overnight. At time zero, medium was removed and1996).
replaced with an aliquot containing 5 mg/ml Actinomycin D or 25Our observations on preimplantation embryos can be
mg/ml DRB. At appropriate timepoints, cells were harvested with
interpreted in the context of either model. In the first Trypsin/EDTA, dispensed into aliquots of 2 3 106 (ES) or 1 3 106
model, accumulation of Xp Xist in 8±16 cell embryos may (C127) cells, pelleted, and snap frozen on dry ice/methanol. RNA
result from absence of destabilizing factor in the early was isolated using RNAzolB reagent (BioGenesis). RNA slotblots
were prepared by denaturation of RNA in 2 V deionized formamide,cleavage stages. Our data indicate that transcription of
0.7 V 37% formaldehyde, 0.1 V 203SSC; incubation at 688C for 15the Xm allele may be delayed at this stage, and this could
min; and addition of 2 V 203SSC prior to immobilization on mem-account for the fact that there is no accumulation of Xm
brane (GeneScreen). Hybridization and washes were carried out as
transcript. According to the second model, production for the transcription run-on assay. An identical procedure was used
of the stable transcript variant from the Xp allele could to detect steady-state RNA levels, using known numbers of un-
explain the observed accumulation. Given that both X treated cells.
chromosomes are active at the 8- to 16-cell stage (Ep-
stein et al., 1978), accumulation of the Xp transcript re-
RT-PCR
quires explanation. One possibility is that the degree of Preparation of cDNA and RT-PCR analysis was carried out as de-
accumulation is not equivalent to that seen in XX so- scribed previously (Kay et al., 1993). Standard conditions for PCR
matic cells. Alternatively, factors produced upon differ- were: denaturation at 948C for 3 min; 30 cycles of 948C, 1 min; 558C,
1 min; 728C, 2 min, extension at 728C for 10 min for primer pairs 1entiation of totipotent cells may be required for Xist RNA
and 3; and 60 cycles were used for primer pairs 2 and 4.binding to the X chromosome to result in inactivation.
Double-labeling experiments to determine whether the
Xp signal colocalizes with the entire X chromosome may Collection and Preparation of Material for RNA FISH
PGK 12.1, LF2, and Efc-1 ES cells were grown in ES media supple-discriminate between these possibilities.
mented with 1000 U/ml leukemia inhibitory factor (LIF) on bakedIn summary, the data presented here indicate that
glass slides coated with 0.1% gelatin. ES cells were differentiatedregulation of Xist RNA stability underlies the process of
by growing in tissue culture dishes in EB media (Penny et al., 1996).initiation of X inactivation. A fuller understanding of the
The cells were harvested at each time point, resuspended in PBS
molecular mechanism will require discrimination be- at 2 3 105 cells/ml, and 100 ml cytospun onto baked glass slides at
tween the above models. 250 rpm for 4 min (Shandon Cytospin).
Preimplantation embryos were flushed from oviducts or uterus
and zona pellucida removed at the appropriate stages as describedExperimental Procedures
in Hogan et al. (1994). Postimplantation embryos were dissected
from maternal tissue and Reichert's membrane and ectoplacentalCell Lines
ES cell lines used in this study were the PGK12.1 XX ES cell line cone removed as described (Beddington, 1987). Embryo collection
was performed in DMEM 1 10% FCS. Embryos (including 4.5 dpc(Norris et al., 1994), Efc-1 XY ES cells, and LF2 XX ES cells (provided
by A. G. Smith). ES cells were maintained and differentiated as hatched blastocysts) were disaggregated by incubation in Trypsin-
EDTA followed by pipetting up and down. This was performed ini-described previously (Penny et al., 1996). The XX somatic cell line
(C127) was maintained as described in Jeppesen and Turner (1993). tially with a fine, hand-pulled glass pipette with an internal diameter
of 50±100 mm, followed by a glass micropipette of internal diameter
30±40 mm, made as described in Beddington (1987). The disaggre-Nuclear Run-On Assay
Transcriptionally active nuclei were released from subconfluent ES gated cells were transferred to siliconized cytofunnels containing
100 ml of DMEM 1 10% FCS and collected on Superfrost Plus glassor XX somatic cell cultures by incubating for 3 min in lysis buffer (5
mM MgCl2; 3 mM CaCl2, 2 mM Tris-HCl [pH7.5]; 1 mM DTT; 0.15% slides (BDH) by cytospinning at 800 rpm for 4 min. The 2.5 dpc
and 3.5 dpc embryos were cytospun without disaggregation. TheTriton X-100), followed by Dounce homogenization (ten passes with
a B pestle). Lysate was incubated on ice for 5 min, sucrose solution embryo slides were fixed and stored as described below.
Cell
106
RNA FISH Analysis Cooper, P.J., Swift, S., and Rastan, S. (1992). The product of the
mouse Xist gene is a 15 kb inactive X-specific transcript containingRNA FISH was performed on nondenatured cells, essentially as
described (Wijgerde et al., 1995), with the following modifications: no conserved ORF and located in the nucleus. Cell 71, 515±526.
Slides were washed once with PBS and fixed in 4% formaldehyde, Brown, C.J., and Willard, H.F. (1994). The human X-inactivation cen-
5% acetic acid, 0.9% NaCl for 30 min; rinsed 3 times in PBS; and ter is not required for maintenance of X-chromosome inactivation.
stored in 70% ethanol at 48C prior to use. The cells were dehydrated Nature 368, 154±156.
through a 70%, 90%, and 100% ethanol series and air dried. Resid- Brown, C.J., Ballabio, A., Rupert, J.L., Lafreniere, R.G., Grompe, M.,
ual lipids were removed by washing in 100% xylene for 5 min, and Tonlorenzi, R., and Willard, H.F. (1991a). A gene from the region of
the cells were then rehydrated to PBS. Slides were pretreated for the human X inactivation centre is expressed exclusively from the
hybridization by a 0.01% pepsin digestion (5 min at 378C) in 0.01 M inactive X chromosome. Nature 349, 38±44.
HCl, followed by a 5 min wash in PBS. Cells were postfixed in
Brown, C.J., Lafreniere, R.G., Powers, V.E., Sebastio, G., Ballabio,1% formaldehyde for 10 min at room temperature, washed in PBS,
A., Pettigrew, A.L., Ledbetter, D.H., Levy, E., Craig, I.W., and Willard,dehydrated through an ethanol series and air dried. To ensure that
H.F. (1991b). Localization of the X inactivation centre on the humanonly RNA, and not DNA, was detected by this method, control slides
X chromosome in Xq13. Nature 349, 82±84.were treated with RNAse A (100 mg/ml) for 1 hr following the final
Brown, C.J., Hendrich, B.D., Rupert, J.L., Lafreniere, R.G., Xing, Y.,dehydration step, rinsed briefly in 23SSC, and again dehydrated
Lawrence, J., and Willard, H.F. (1992). The human Xist gene: analysisand air dried before applying probe.
of a 17 kb inactive X-specific RNA that contains conserved repeatsThe following DNA probes were used to detect nuclear RNA:
and is highly localized within the nucleus. Cell 71, 527±542.11179, a 36 kb cosmid clone, which spans the entire Xist gene
(kindly provided by L Herzing), and lPGK, a 17 kb l clone spanning Buzin, C.H., Mann, J.R., and Singersam, J. (1994). Quantitative RT-
the mouse Pgk-1 locus. Probes were labeled by nick translation with PCR assays show Xist RNA levels are low in mouse female adult
digoxigenin-16-dUTP and biotin-11-dUTP (Boehringer-Mannheim), tissue, embryos and embryoid bodies. Development 120, 3529±
respectively. Approximately 50 ng of each probe was applied per 3536.
slide in 10 ml of hybridization mix (50% formamide, 23 SSC, 5% Cattanach, B.M., and Papworth, D. (1981). Controlling elements in
dextran sulphate, 10 mM EDTA, 25 mM NaH2PO4, 0.3 M NaCl). the mouse V. Linkage tests with X-linked genes. Genet. Res. 38,
Probes were denatured and then precompeted with 3 mg/slide 57±70.
mouse COT-1 DNA (Gibco) at 378C for 15 min before applying to
Cattanach, B.M., Pollard, C.E., and Perez, J.N. (1969). Controllingthe slides. Hybridization was at 378C overnight in a moist incubation
elements in the mouse X-chromosome I. Interaction with thechamber.
X-linked genes. Genet. Res. 14, 223±235.Following hybridization, the slides were washed for 3 3 2 mins
Chew, L.J., Murphy, D., and Carter, D.A. (1994). Alternatively poly-in 50% formamide at room temperature and 1 3 3 min in 50%
adenylated vasoactive intestinal peptide mRNAs are differentiallyformamide at 378C before rinsing in 23 SSC. Probe hybridization
regulated at the level of stability. Mol. Endocrinol. 8, 603±613.was detected by incubation for 30 min each at 378C with: antidigoxi-
genin fluorescein isothiocyanate (AD-FITC) raised in sheep (Boeh- Clemson, C.M., Mcneil, J.A., Willard, H.F., and Lawrence, J.B. (1996).
XIST RNA paints the inactive X chromosome at interphase: evidenceringer), followed by anti-sheep FITC (AS-FITC) raised in rabbit and
avidin-Texas red (AV-TR), then by biotinylated anti-avidin (goat) for a novel RNA involved in nuclear chromosome structure. J. Cell.
Biol. 132, 259±275.and a final layer of AV-TR. Unless otherwise stated, all anti-
bodies were from Vector Laboratories. Between each incubation, Drews, U., Blechler, S., Owen, D.A., and Ohno, S. (1974) Genetically
the slides were washed in 43 SSC, 0.1% Tween-20 for 3 3 2 min. directed preferential X-Activation seen in mice. Cell 1, 3±8.
Slides were mounted in Vectashield antifade containing DAPI coun- Epstein, C.J., Smith, S., Travis, B., and Tucker, G. (1978). Both X
terstain (25 ml per slide). Images were examined with an oil 3100 chromosomes function before visible X-chromosome inactivation
objective on a Leica DMRB fluorescence microscope fitted with a in female mouse embryos. Nature 274, 500±502.
Pinkel #1 filter set and automated filter wheel changer. Selected
Grumbach, M.M., Morishima, A., and Taylor, J.H. (1963). Humanimages were captured with a Photometrics CCD camera coupled
sex chromosome abnormalities in relation to DNA replication andto Smartcapture software (Vysis [UK] Ltd).
heterochromatinization. Proc. Natl. Acad. Sci. USA 49, 581±589.
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